ABSTRACT Ammonia (NH 3 ) fluxes from waste treatment lagoons and barns at two conventional swine farms in eastern North Carolina were measured. The waste treatment lagoon data were analyzed to elucidate the temporal (seasonal and diurnal) variability and to derive regression relationships between NH 3 flux and lagoon temperature, pH and ammonium content of the lagoon, and the most relevant meteorological parameters. NH 3 fluxes were measured at various sampling locations on the lagoons by a flowthrough dynamic chamber system interfaced to an environmentally controlled mobile laboratory. Two sets of open-path Fourier transform infrared (FTIR) spectrometers were also used to measure NH 3 concentrations for estimating NH 3 emissions from the animal housing units (barns) at the lagoon and spray technology (LST) sites. Two different types of ventilation systems were used at the two farms. Moore farm used fan ventilation, and Stokes farm used natural ventilation. The early fall and winter season intensive measurement campaigns were conducted during September 9 to October 11, 2002 (lagoon temperature ranged from 21.2 to 33.6°C) and January 6 to February 2, 2003 (lagoon temperature ranged from 1.7 to 12°C), respectively. Significant differences in seasonal NH 3 fluxes from the waste treatment lagoons were found at both farms. Typical diurnal variation of NH 3 flux with its maximum value in the afternoon was observed during both experimental periods. Exponentially increasing flux with increasing surface lagoon temperature was observed, and a linear regression relationship between logarithm of NH 3 flux and lagoon surface temperature (T l ) was obtained. Correlations between lagoon NH 3 flux and chemical parameters, such as pH, total Kjeldahl nitrogen (TKN), and total ammoniacal nitrogen (TAN) were found to be statistically insignificant or weak. In addition to lagoon surface temperature, the difference (D) between air temperature and the lagoon surface temperature was also found to influence the NH 3 flux, especially when D Ͼ 0 (i.e., air hotter than lagoon). This hot-air effect is included in the statistical-observational model obtained in this study, which was used further in the companion study (Part II), to compare the emissions
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IMPLICATIONS
The need for developing environmentally superior and sustainable solutions for the management of animal waste is vital for the future of animal agriculture. In addressing that need, the North Carolina Attorney General initiated the development, implementation, and evaluation of potential ESTs via agreements with two animal production agriculture companies in 2000. Part of the standards associated with these agreements and this research was to substantially eliminate atmospheric emissions of NH 3 . To evaluate the potential ESTs, the results were compared and contrasted with data from two conventional LST farms. This paper describes NH 3 emissions from two LST farms. This protocol is used to compare the emissions from potential EST technologies to critically evaluate the effectiveness of each technology.
INTRODUCTION
The main objective of this study was to measure NH 3 emissions from storage and treatment lagoons and animal houses at two conventional swine farms with LST during several experimental periods of approximately 2 weeks, each representing different seasons, namely cool/cold and warm/hot, to develop the empirical relationships between lagoon NH 3 emission and physicochemical and environmental parameters that mainly control the flux from lagoon, such as lagoon temperature, pH, total Kjeldahl nitrogen (TKN), air temperature, and wind speed. The statistical-observational model was used to estimate the lagoon emissions for the baseline farms with LST for comparison with emissions from water-holding structures at potential environmental superior technology (EST) farms described in the companion papers. 25, 26 Estimated barn emissions at conventional LST farms are also compared with those from the EST farms in Part II. 25 INSTRUMENTATION AND SAMPLING SCHEME Sampling Sites NH 3 flux measurements were made during two different seasons at two conventional (i.e., LST) swine farms in eastern North Carolina, their locations shown in Figure 1 . The two finishing conventional farms were Stokes and Moore Brothers farms, respectively. Finishing refers to the age and type of pigs. Generally pigs go into these farms weighing approximately 23 kg, they stay in the finishing houses for approximately 18 to 20 weeks, where they are fed and grown to approximately 114 kg before marketing them to processing facilities. Our measurements of NH 3 flux were limited to two 2-week-long periods representing warm and cold seasons.
Stokes farm (35.43°N, 77 .48°W, 17 m mean sea level [MSL] ) is located in Pitt County, North Carolina. Measurement campaigns were conducted from September 9 to 20, 2002 and January 6 to 17, 2003 . Four naturally ventilated finishing barns housed 4392 animals with an average mass of 104 kg in the fall season and 3727 animals with an average mass of 88 kg in the winter season. The waste (urine and feces) from the pig houses was flushed periodically (four times a day) with recycled lagoon waste and discharged into a storage lagoon from a single effluent pipe. The storage and treatment lagoon was an anaerobic system with 15,170 m 2 of lagoon surface area. Sampling at Moore Brothers farm (35.14°N, 77.47°W, 13 m MSL), located near Kinston in Jones County, North Carolina, was conducted from September 30 to October 11, 2002 and January 27 to February 7, 2003 . The farm has eight fully slatted finishing houses (pit recharge) with tunnel ventilation system. The eight finishing barns housed 7611 animals with an average mass of 52 kg in the fall season and 5784 animals with an average mass of 67 kg in the winter season. Pit recharge houses are typically flushed once a week. Waste from all the pig barns was flushed out with recycled lagoon waste and discharged into a storage and treatment lagoon from eight effluent pipes, one for each pig barn. The lagoon was an anaerobic system with 17,150 m 2 of surface area. Table  1 gives a summary of the farm information (lagoon area, number of pigs, pig mass, feed consumption, nitrogen content, and nitrogen excretion) during the two sampling periods at both conventional farms. NH 3 fluxes were measured from various sampling locations on these storage lagoons during the experimental campaigns at the conventional farms.
Environmental Measurements
During the sampling periods, two Campbell Scientific Instruments model 107 temperature probes measured lagoon waste temperature, and an Innovative Sensors pH probe monitored pH of lagoon waste adjacent to the dynamic chamber system. One of the lagoon temperature probes and the pH probe were suspended from the edge of the wooden platform (used as a floatation device for the chamber) and submerged in the lagoon waste approximately 15 cm below the surface. The other temperature probe was attached to the underside of the platform and monitored water temperature inside the chamber. On a 10-m tall meteorological tower were mounted a Campbell Scientific Instruments CS500 temperature and relative humidity (RH) probe, a LI-Cor 200SZ pyranometer, and a Campbell Scientific Instruments Met One 034A-LC Windset integrated cup anemometer and wind vane. These instruments were used to continuously measure the ambient air temperature, RH, solar radiation, wind speed, and wind direction, respectively. A 50-mL sample of lagoon waste was collected daily from the lagoon flux sampling location (stored near 0°C), and analyzed for pH, NH 3 -N, nitrate (NO 3 Ϫ )-N, and TKN in the Weaver Laboratory of the Biological and Agricultural Engineering Department at North Carolina State University. These parameters have been utilized for the purpose of developing the statistical-observational model for lagoon NH 3 flux at conventional farms (i.e., LST). Ambient NH 3 concentration was also monitored continuously by one of the TEI model 17c chemiluminescence NH 3 analyzers (Thermo Environmental Instruments, Inc.). A sample stream of ambient air travels through 1 ⁄4-in. Teflon tubing from the top of the 10-m meteorological tower to one of the NH 3 analyzers housed in the mobile laboratory.
Lagoon NH 3 Flux Measurements NH 3 fluxes from the waste storage lagoons were measured by a dynamic flow-through flux chamber system interfaced to an environmentally controlled mobile laboratory ( Figure 2 ). The on-site measurement period for each season was limited to 2 weeks at the experimental farm sites. NH 3 fluxes from the animal storage waste lagoons, other water-holding structures, and spray fields at the two conventional and several potential EST sites were measured by the dynamic flow-through flux chamber system. The times of spray did not occur close to our measurement periods.
Dynamic Flow-Through Chamber System. A flow-through dynamic chamber system with a variable-speed continuous impeller stirrer was used to determine NH 3 flux from the lagoon surface. 22, 27 The translucent plastic cylindrical chamber, 26 cm in diameter and 46 cm in height (a volume equal to ϳ24.4 L), was fitted into a circular hole cut into the center of a 1.2-by 1.2-m floating plywood platform, which penetrated the lagoon surface by approximately 7 cm. To create a closed system inside the chamber, a seal was formed between the bottom of the cylinder and the lagoon waste. The cylindrical chamber was lined with a 5-mm thick fluorinated ethylene propylene (FEP) Teflon sheet throughout the inside surface of the chamber. Compressed zero-grade air was used as a carrier gas. The carrier gas was passed through the chamber at a constant flow rate, but these rates often varied from site to site, within the range of approximately 4 -10 L ⅐ min Ϫ1 , set by a mass flow controller and continuously recorded on a data logger. The air inside the chamber was ideally well mixed by a variable speed motor-driven Teflon impeller ranging from speeds of 40 -60 rpm for this study. A vent line to the atmosphere was fitted to the sample line of NH 3 to prevent overpressurization in the enclosed system and was periodically tested for bubbles during sampling periods to check for underpressurization and leaks in the system. Length of the sample line did not exceed 10 m. The sample line (Teflon tube of 6.35 mm outer diameter, 3.97 mm inner diameter) connected the chamber to the NH 3 analyzer in a temperature-controlled mobile laboratory (Figure 1 ). The entire closed system was lined with Teflon or stainless steel fittings to minimize chemical reactions with sample flow. NH 3 flux measurements were not made during precipitation events.
Sampling Scheme. For NH 3 flux measurements using the dynamic chamber system, sampling consisted of measuring the gaseous NH 3 concentration of the sample stream exiting the dynamic chamber system on a continuous basis. Simultaneous continuous measurements of ambient NH 3 concentration, lagoon temperature, lagoon pH, air temperature, RH, wind speed, wind direction, and solar radiation were also made and recorded. One to three samples of lagoon waste adjacent to the floating platform were collected each day and stored near 0°C during NH 3 flux measurement periods to determine the concentration of TKN, NH 4 ϩ -N, NO 3 Ϫ -N, and pH in the liquid lagoon effluent.
On a daily basis, sampling began early in the morning (from 7:00 to 10:00 a.m.) and ended around sunset, except when overnight measurements were necessary to obtain a diurnal profile. To measure flux from a lagoon surface, the chamber was bolted to a floating platform, and the entire system set afloat on the lagoon. A 3-m polyvinyl chloride (PVC) pipe and two 7.5-m ropes secured the platform to the shore and anchored the floating platform in place. The sample lines and the lines from the sensors and the motor on the platform ran through the PVC pipe to avoid contact with the lagoon. The platform was placed as far from the edge of the lagoon as possible to minimize any boundary effects.
Before each daily or diurnal sampling period, the chamber system was flushed with compressed air to remove any accumulated moisture or NH 3 in the system and also to ensure that the NH 3 analyzers measure steadystate NH 3 concentration from the sample stream. Between each daily or diurnal sampling period, the floating chamber system was moved in a random manner to another location on the lagoon within a 10-m radius of the mobile laboratory. To capture the spatial variability of a lagoon, the mobile laboratory, meteorological tower, and floating chamber system were periodically moved. The NH 3 analyzers were multipoint calibrated before sampling began at each new area and zeroed and spanned every other day.
Chamber Effects. As with any environmental investigation that involves imposing a constructed system on the natural environment, concerns arise in response to the use of the dynamic chamber system. Sensitivity investigations can elucidate the extent to which an experimental system may alter the ambient conditions of the associated microclimate.
To quantify the effect of excessive humidity or moisture in the dynamic chamber system, Roelle 28 introduced visible moisture droplets on the chamber walls and reported NH 3 losses ranging from 6 to 7%. In the study presented here, with compressed air as a carrier gas, moisture can accumulate within the chamber. However, the flow of air through the chamber system consistently inhibited any visible moisture droplets from forming during measurement periods. Thus, NH 3 losses because of moisture in the chamber lie well within the constraints of the humidity experiment and are therefore determined to be minimal.
The vent on the sample line exiting the chamber minimizes the pressure difference between the ambient atmosphere and the air inside of the chamber. To assess the effect of mixing speed on calculated NH 3 flux, the impeller stirrer speed was varied between 20 and 60 rpm during the afternoon of a typical diurnal sampling period. Wind speed at a height of approximately 10 m was continuously monitored during NH 3 flux measurement periods. The corresponding wind speeds at a height of 0.5 m (approximate height of the chamber) may be calculated by the power-law profile expression
in which V is the wind speed at height z; V r and z r are the reference wind velocity and reference height, respectively; m is taken to be 0.1 for a smooth water surface in unstable daytime conditions. 29 Throughout the experimental periods during this study, measured mean wind speeds ranged from 1 to 4 m/sec at a height of 10 m. The calculated wind speeds at a height of 0.5 m (approximate height of the chamber) ranged from 0.7 to 3 m/sec, which was similar to the range of airflow speeds within the chamber measured by a digital hot wire anemometer at various carrier gas flow rates and impeller speeds.
NH 3 Analyzer and Flux Calculation. Once the dynamic flow-through chamber system reached steady-state conditions (ϳ30 min of operation), the sample flow from the flux chamber was introduced into a TEI model 17c chemiluminescence NH 3 analyzer housed in the temperaturecontrolled mobile laboratory, and NH 3 concentration in the sample flow was measured by the analyzer. Calibrations of the NH 3 analyzer were conducted using a TEI 146 dilution-titration system in conjunction with two different concentrations of calibration gas mixtures of NH 3 (20 and 900 ppmv) in nitrogen and zero-grade air (Machine and Welding Specialty Gases, National Institute for Standards and Technology [NIST] certified). A multipoint calibration typically consists of points at zero, 20, 40, 60, and 80% of the full-scale range. The full-scale range typically equals 20 ppmv for liquid waste surface measurements. The multipoint calibration was conducted before each 2-week field measurement campaign. Zero and span checks were conducted every day of the experiment according to the TEI 17c NH 3 analyzer operator's manual. 30 A Campbell Scientific CR21X micrologger (PC208W software) was used as an automated data acquisition system in conjunction with a laptop computer. The CR21X recorded 15-min averaged measurements for NH 3 concentrations of the sample flow from inside the chamber, lagoon pH, lagoon temperature at 15 cm below the lagoon surface, and meteorological parameters. The 15-min averaged NH 3 concentrations in the chamber were used to calculate NH 3 flux on the basis of the mass balance equation. 22 A temperature-controlled mobile laboratory housed all analytical instrumentation for this study. The mobile laboratory consisted of a modified Ford Aerostar van with a 13,500-BTU air conditioner unit. The temperature inside the van was maintained at approximately 20°C.
Barn Emission Measurements
Barn emissions were measured using an open-path Fourier transform infrared (OP-FTIR) spectroscopy system. NH 3 emissions from barn houses were estimated from average NH 3 concentration measured by OP-FTIR and the rated flow rate for the fan size and setting. Operation of fans was monitored to determine when they were on or off during the entire sampling period. Estimated flow rates from naturally ventilated barns were calculated using wind velocity readings. Meteorological parameters (air temperature, RH, solar radiation, wind speed, and direction), ambient NH 3 concentration at 10 m above the ground, and lagoon parameters (lagoon temperature and lagoon pH) were monitored during the flux measurement periods.
OP-FTIR Spectroscopy. OP-FTIR spectroscopy allows the measurement of atmospheric concentrations of NH 3 along variable path lengths depending on the placement of the accompanying IR reflective mirrors. When combined with a second spectrometer and network of reflective mirrors, the technology can produce two-dimensional images of atmospheric concentrations of NH 3 passing through a plane. When combined with the release at a known rate of a tracer gas, the technology can be used to estimate NH 3 flux.
Atmospheric NH 3 concentrations were measured using two monostatic OP-FTIR spectrometers (MIDAC Corp.) with a 0.5-cm Ϫ1 wavenumber resolution, each consisting of a Michelson interferometer and mercurycadmium-telluride (MCT) detector. The spectrometers measure NH 3 by reflecting their infrared (IR) beams off the metal retroreflectors (Optiocon, Corp). The instruments have the potential to monitor a wide range of compounds simultaneously at very low limits of detection (ppb). Compounds are identified by their fingerprint. In the mid-IR region of the electromagnetic spectrum (4000 to 400 cm Ϫ1 ), absorption usually occurs at several different wavelengths of IR light, which results in patterns or bands. This pattern of energy absorption, called the absorption spectrum, creates a unique fingerprint for each compound and can be used to identify the chemical. To identify a compound, the pattern of absorption bands in sample absorption spectra (number, location, and shape) is comparable with reference absorption spectra. A reference spectrum is created using known concentrations of the pollutant of interest under controlled conditions of temperature and pressure. Although the pattern of absorption is used for identification of compounds, the intensity of the spectral bands is used for quantification. Within constraints, there is a linear relationship between the intensity of the spectral bands and the concentration of the compound.
A calibration cell is used to check the accuracy of an OP-FTIR spectrometer before and after field use. This specially designed glass calibration cell, 0.98 m in length and 4 in. in diameter, is airtight and holds IR-transmitting windows on both ends. The OP-FTIR spectrometer is placed at one end of the cell, and a retroreflector is placed at the opposite end. Known quantities of NIST-traceable calibration gases (sulfur hexafluoride or ethylene) are injected or flowed through the cell and are measured with the OP-FTIR. For the injections, the gas is injected into the cell using a gas-tight syringe (Dynatech Precision Sampling Co.). A Teflon interior-coated stainless-steel pump is used to purge the system and circulate the gas within a closed loop, which includes the cell. Concentrations measured through the cell by the OP-FTIR spectrometers are compared with reference concentrations generated in the cell.
At the two conventional sites, real-time OP-FTIR spectrometer measurements for NH 3 were obtained with AutoQuant software (Midac Corp.) using 16 -64 co-added scans. The instruments were set up with an OP-FTIR spectrometer and a 10-in. telescope directed across an open space to the retroreflector. Signal intensity was achieved in the range from 12,000 to 25,000. After the signal intensity was adjusted, an interferogram was obtained using MIDAC Grams/32 software (Galactic Industries Corp.) and was converted mathematically to a single beam. Detector nonlinearity was evaluated by examining the portion of the single beam spectrum at wave numbers below the detector cutoff (650 -680 cm Ϫ1 ). Measurements from fan-ventilated Moore farm were obtained by placing one OP-FTIR spectrometer in front of the fans across the centerline and another OP-FTIR spectrometer along the nonfan side of the houses at the same height. Using known fan flow rates, the measured NH 3 concentration at the centerline was used to calculate emission from the pig house. Factory-calibrated rates (i.e., published fan curves that relate airflow to static pressure) were adopted. The concentrations that were measured were adjusted for the length of the path across the operating fans at each time point. The emission for each barn was then normalized by the total live mass of the pigs in the houses at the time of the sampling.
To calculate the average nitrogen emission from the naturally ventilated houses at Stokes farm, airflow measurements were made by sampling at one location along each of the four sections of the building on the upwind side while the OP-FTIR was deployed. Each location was sampled for 30 -60 sec and the high and low readings were recorded for all four locations over a 5-to 7-min period of time. The high and low wind velocity readings were used to calculate the average wind velocity. The curtain opening for each section was measured and the volume of air per second (ventilation rate) flowing through the upwind side of the barn was calculated as the sum of curtain openings times the average wind velocities for the four sections of the building. The net NH 3 concentrations associated with emissions from the building were obtained by subtracting the upwind readings from the downwind readings using the OP-FTIR and then converting the difference to concentrations of NH 3 . A moving average was then applied to the concentration data to reduce the effect of wind variations (times when the wind deviated from the predominant direction). Seven consecutive measurements over 3-4 min were used for the average. Emission rate from the building was obtained by multiplying net NH 3 concentration by the corresponding ventilation rate. Emissions were then normalized by the total live mass of swine in the house.
RESULTS AND DISCUSSION
Seasonal and Diurnal Variations of NH 3 Flux Averages of lagoon NH 3 fluxes, lagoon temperature, lagoon pH, and TKN are summarized in Table 2 . There were significant differences in seasonal NH 3 fluxes from storage lagoons at both farms. During the fall season, average NH 3 fluxes were found to be higher than in the winter season for both farms. Between farms there were similar fluxes for both seasons. For Stokes farm, the average NH 3 The seasonal variation of lagoon NH 3 flux has also been reported in a previous study from a similar type of swine farm storage and treatment lagoon (Farm 10 located in Sampson County) in eastern North Carolina. 22 According to their estimation, the percentage of total yearly flux attributable to the warm season (summer months) was approximately 60%. Table 2 also summarizes the results of lagoon NH 3 fluxes from Farm 10. In September, during the current study's experimental period, lagoon temperatures ranged from 21.2 to 33.6°C. These lagoon temperatures were similar to those observed during the May experimental period of Farm 10 (range of 20.4 -35.9°C with an average of 24.7 Ϯ 3.2°C). For the winter season, experiments from this study and from the Farm 10 study showed similar lagoon temperature ranges (Table 2 ). Comparing the ranges of seasonal lagoon NH 3 fluxes that resulted from this and the Farm 10 study 22 under similar lagoon temperature conditions, we found that average NH 3 fluxes for the similar lagoon temperature conditions agreed well, but there are also some farmrelated differences.
Diurnal variation of NH 3 fluxes observed during the experimental periods are shown in Figure 4 , which depicts the composite hourly averaged lagoon NH 3 fluxes measured at the two conventional farms. It also shows seasonal differences in NH 3 fluxes during fall and winter periods. Higher NH 3 fluxes with more clear and typical diurnal variations were observed during the warm season (fall). Typical diurnal trends of lagoon NH 3 flux showed low NH 3 fluxes during the morning hours, which increased with time during the early part of the day as the air and lagoon temperatures increased after sun rise, attaining maximum values around late afternoon, and then decreased during the evening hours. This trend was found to follow approximately the diurnal trends of air and lagoon temperatures at the experimental farm sites. Much lower fluxes with little diurnal variation were observed during the cold season (winter).
Dependence of NH 3 Flux on Lagoon Parameters
It has been suggested that lagoon temperature is the most important parameter regulating the loss of NH 3 from swine waste storage lagoons to the atmosphere 22 because of its large variation over the course of the year. Results of the study presented here, showing significantly higher NH 3 fluxes from the two waste lagoons during the warm season than those during the cold season, support the above statement. According to the previous study, 22 the pH (range from 7 to 8) and TKN (range from 540 to 727 mg-N ⅐ L Ϫ1 ) are relatively constant in most North Carolina pig waste lagoons. The lagoon pH, TKN, and surface wind speed for two experimental farms during the warm and cold sampling periods ranged from 7.7 to 8.5, from 487 to 815 mg-N ⅐ L Ϫ1 and approximately 0.7 to 3 msec Ϫ1 , respectively (Table 2) . Therefore, lagoon temperature, usually varying with season, could be considered as the most important lagoon parameter to regulate NH 3 flux.
NH 3 Flux versus Lagoon
Temperature. Following Aneja et al., 22 a statistical relationship between NH 3 flux and lagoon waste temperature was examined to obtain an statistical-observational model for the two conventional lagoons. An exponential relationship between NH 3 flux and lagoon temperature is expected because the liquid-phase mass transfer coefficient of NH 3 in water is exponentially related to water surface temperature in the range from 5 to 30°C, 31 and also because of the dependence of Henry's Law on temperature. 32 The logarithm of measured lagoon NH 3 fluxes at Stokes and Moore farms during both the experimental periods is plotted against the corresponding lagoon temperatures in Figure 5 . Data points (n ϭ 2914) represent 15-min averages. Lagoon NH 3 flux is found to increase exponentially with lagoon temperature. The best-fitted relationship with R 2 ϭ 0.82 and p Ͻ 0.0001 is given by log 10 ͑N͒ ϭ 0.051T l ϩ 1.943 (2) where N denotes the NH 3 -N flux expressed in units of g-N ⅐ m Ϫ2 ⅐ min Ϫ1 , and T l is lagoon temperature at ϳ15 cm below water surface (°C). The slope and intercept of our best-fitted regression line in Figure 5 , or the coefficients in eq 2 are comparable with those (slope ϭ 0.048; intercept ϭ 2.1; R 2 ϭ 0.78) obtained by Aneja et al. 22 from intensive measurements made over a period of 1 yr on Farm 10 in eastern North Carolina. These two empirical models show very good agreement with almost identical fluxes.
A combined effect of chemical and physical processes occurring within a waste storage lagoon was proposed to explain the high NH 3 flux during the warm months. 23 The waste sludge at the bottom of the lagoon is chemically broken down and acts as a source of NH 3 , and this process accelerates with increase of temperature because of increased bacteria activity in warmer temperatures. The NH 3 produced by the chemical decomposition at the bottom of the lagoon diffuses upward and replaces the volatilized NH 3 from the surface of the lagoon. In the absence of any mechanical or turbulent mixing of the lagoon, buoyancy, molecular diffusion, and mass transfer processes are largely responsible for the transport of NH 3 from the bottom to the upper layers of the lagoon. 33 Because higher lagoon surface temperature increases the transfer rate of NH 3 across the liquid-gas interface, higher lagoon surface temperatures during the warm period, coupled with a readily available source of NH 3, are proposed to be responsible for elevated fluxes during the warm season. Table 2 shows that the effluent pH continuously measured adjacent to the dynamic chamber system ranged from 7.7 to 8.3 (with an average value 8.1 Ϯ 0.1) during the fall period, and from 8.1 to 8.5 (average 8.4 Ϯ 0.1) during the winter experiment at Stokes farm. At Moore farm, it ranged from 7.9 to 8.5 (average 8.2 Ϯ 0.1) during the fall period and from 7.9 to 8.3 (average 8.1 Ϯ 0.1) during the winter experiment. Each experimental day, a lagoon waste sample was also taken adjacent to the floating chamber and analyzed for water chemistry (pH and TKN). The daily lagoon pH values ranged from 7.6 to 8.5 during the two experimental periods at both Stokes and Moore farms, and they were plotted against the corresponding lagoon NH 3 fluxes in Figure  6 . Relationship between pH and lagoon NH 3 flux revealed no statistically significant correlation between pH and the corresponding flux in Figure 6 . Modeling studies 23, 24 found a positive correlation between lagoon pH and NH 3 flux. However, waste lagoon slurry has a high buffer capacity that confines lagoon pH to a relatively narrow range. 10, 22, 35 NH 3 Flux, TKN, and Total Ammoniacal Nitrogen. TKN includes the sum of nitrogen in NH 3 , NH 4 ϩ , organic nitrogen, and oxidized nitrogen in the effluent. Total ammoniacal nitrogen (TAN) is the sum of NH 3 and NH 4 ϩ . The amount of TKN and TAN in a conventional pig waste lagoon depends on such factors as animal population and type, animal mass, animal feeding rate, and nitrogen content. In a waste treatment lagoon operating at steady-state conditions, the amount of organic nitrogen within the waste lagoon does not vary significantly. 22 A balance exists between the inflow and outflow of nitrogen from the traditional waste treatment lagoon. Table 2 summarizes the average TKN and TAN concentrations at the experimental conventional farm sites during the measurement campaigns. Figure 7 shows a plot of the daily averaged lagoon NH 3 flux during the experimental periods (fall and winter) against the TKN of lagoon waste samples collected on the same day from the two experimental farms. Some seasonal differences in TKN concentrations were observed ( Figure 7 and Table 2 ); relatively lower TKN concentrations ranging from approximately 487 to 774 mg-N ⅐ L Ϫ1 occurred during the fall period than during the winter period (ϳ681-815 mg-N ⅐ L Ϫ1 ) at both farms. This can be explained by other seasonally dependent characteristics such as lagoon temperature. In Table 1 , the nitrogen excretion rates at the farms during the experimental periods were estimated by using mass balance of nitrogen at the farm facility with the farm animal and feeding information (i.e., number of animals, animal mass, feed consumption, nitrogen content in feed). No significant seasonal variations in the estimated nitrogen excretion were found during the experimental periods. Therefore the TKN concentration in lagoon waste might be expected to remain relatively constant over the year. However, increased nitrogen compound losses from the water surface because of high lagoon temperatures (21-34°C) could reduce the TKN concentration during warm periods. In addition, higher precipitation during the preceding spring and summer seasons could dilute the TKN concentration by increasing lagoon waste volume.
NH 3 Flux and Lagoon pH.
TKN concentrations for the fall and winter periods at Stokes farm ranged from 498 to 612 mg-N ⅐ L Ϫ1 (average 561.3 Ϯ 33. (4) where N denotes the NH 3 -N flux in units of g-N ⅐ m Ϫ2 ⅐ min Ϫ1 . For all data including both seasons, a much weaker negative correlation is apparent. This may be only a reflection of the much stronger correlation between NH 3 -N flux and lagoon temperature. Figure 8 shows a plot of the daily averaged lagoon NH 3 flux during the experimental periods (fall and winter) against the TAN of lagoon waste samples collected on the same day for the two experimental farms. Seasonal differences in TAN concentrations were observed ( Figure 8 and Table 2 ); with relatively lower TAN concentrations ranging from approximately 316 to 477 mg-N ⅐ L Ϫ1 occurring during the fall period than those during the winter period (ϳ545-665 mg-N ⅐ L Ϫ1 ) at both farms. As discussed for TKN, there were no significant seasonal variations in the estimated nitrogen excretion during the experimental periods. As with TKN, it is hypothesized that higher lagoon temperatures in the fall lead to increased NH 3 regressions are given as N ϭ 6.00 TAN-443.9, for fall period (5) N ϭ 1.44 TAN-624.0, for winter period (6) where N denotes the NH 3 -N flux in units of g-N ⅐ m Ϫ2 ⅐ min Ϫ1 . Again for the entire data covering both seasons, a much weaker negative correlation is apparent.
NH 3 Flux and Environmental
Parameters. The influence of atmospheric environmental (meteorological) parameters, on lagoon NH 3 flux was investigated. A second parameter was found to have a significant correlation. This was the environmental parameter known as ⌬T, or the "hot-air" variable, the difference between air and lagoon temperatures (⌬T ϭ T a Ϫ T l ). ⌬T was found to be the second most important parameter influencing the NH 3 flux, especially when ⌬T Ͼ 0. Therefore, 15-min averages of log(NH 3 -N flux) and the corresponding lagoon temperature and air temperatures were statistically analyzed using multiple linear regression. To also account for the farm-related differences in lagoon areas and animal populations, the NH 3 flux data used for the multiple linear regression analysis were normalized by animal live mass in metric tons (1000 kg) and adjusted for the lagoon surface area of each conventional farm. We denote this normalized NH 3 emission rate by F ϭ A ϫ flux/1000 kg Ϫ lm, where A is lagoon surface area at each conventional farm, and lm is live animal mass. Figure 9 shows a plot of log 10 (A ϫ flux/t) versus the difference (⌬T ϭ T a Ϫ T l ) between the air temperature and the lagoon temperature for different ranges of lagoon temperatures. For reference, a vertical line is plotted at ⌬T ϭ 0, the point at which air and lagoon temperatures are equal. To the left of the ⌬T ϭ 0 line in Figure 9 , the four color categories appear in horizontal bands, with higher emissions corresponding to higher lagoon temperatures (red, cyan) and lower emissions to lower lagoon temperatures (blue, black). This is the expected effect; that is, log 10 F is higher for higher lagoon temperature. This indicates that when ⌬T Ͻ 0 (air temperature Ͻ lagoon temperature), log 10 F is determined largely by lagoon temperature (i.e., air temperature has little to no effect on F). However, the characteristics of the plot to the right of the line ⌬T ϭ 0 (air temperature Ͼ lagoon temperature) are strikingly different for two of the four regimes. Note the hockey-stick-shaped pattern to the plotted points for the lower lagoon temperatures (blue, black). The blue and black points lie in roughly horizontal bands to the left of ⌬T ϭ 0 (the shafts of the hockey sticks); but at 0 or some small positive ⌬T the horizontal bands give way to downward trends (the blades of the hockey sticks); that is, log 10 F decreases approximately linearly with increasing ⌬T for ⌬T Ͼ 0. The statistical significance of the hockeystick shape (assuming the hinge occurs at ⌬T ϭ 0) was assessed by fitting two statistical regression models to the data including the hot-air term ⌬T* (⌬T Ͼ 0). In one analysis, other variables included in the model were lagoon temperature and a farm indicator; in the second analysis the variables lagoon temperature, farm indicator, season indicator, and their interactions were included. In both analyses, the hot-air variable ⌬T* (⌬T Ͼ 0) was highly significant (p Ͻ 0.0001 assuming autoregressive errors). It is important to note that both analyses included lagoon temperature in the models, so that the statistical significance of the hot-air variable is not an artifact of very low absolute lagoon temperatures in the lower lagoon temperature regimes (blue, black).
The absence of the hockey-stick shape for the higher lagoon temperatures (red, cyan) are a result of small ⌬T values for these datasets. For these datasets, ⌬T is not large enough to determine the presence or absence of the hotair effect.
In summary, at least for the lower lagoon temperatures (blue, black), if the air temperature is less than the lagoon temperature, then log 10 F is solely dependent on lagoon temperature (independent of air temperature); however, when the air temperature exceeds the lagoon temperature (⌬T Ͼ 0), log 10 F decreases by an amount approximately proportional to the amount by which the air temperature exceeds the lagoon temperature (in addition to its dependence on lagoon temperature).
The statistical evidence of the hockey-stick shape for the lower lagoon temperature regimes (blue, black) is substantial. Although the observed hot-air effect was unexpected, it is not without a plausible scientific explanation. The air-lagoon temperature difference, ⌬T ϭ (T a Ϫ T l ), may be considered as a simple measure of near-surface atmospheric stability, which is found to strongly influence surface-to-air turbulent exchanges, including that of NH 3 from a lagoon surface. When ⌬T Ͻ 0, unstable conditions enhance turbulence and enhance fluxes. On the other hand, stable or inversion conditions with ⌬T Ͼ 0 represent weaker turbulence and smaller fluxes. The airsurface temperature difference (T a Ϫ T l ) is the simplest measure of the stability of the atmospheric surface layer, for which a variety of parameters are used in micrometeorology and air pollution meteorology. 29, 36 Better measures include wind shear or wind speed, such as the bulk Richardson number R iB ϭ (g z r /T 0 )(⌬T ϩ 0.01z r )/U 2 , where a z r of 10 m is the reference height for wind speed U and air temperature measurements, and T 0 is the surface temperature in absolute units. Thus, R iB depends on both ⌬T and U, but in a different manner. Very unstable and convective conditions are characterized by large Ϫ⌬T and weak winds, near-neutral conditions by small ͉⌬T͉ and strong winds, and very stable conditions by large ⌬T and weak winds.
According to the well-known bulk-transfer relations used for estimating surface fluxes, 36 the NH 3 flux from a lagoon surface can be expressed as a product of the wind speed at a reference height (e.g., 10 m), the difference in NH 3 concentrations at the surface and the reference height, and a dimensionless mass transfer coefficient, C M . Judging from the behavior of the transfer coefficients, for heat and water vapor C M is expected to depend on atmospheric stability, monotonically decreasing with increasing stability (R iB ). In particular, C M decreases rapidly with increasing R iB for R iB Ͼ 0. This explains the stronger dependence of NH 3 flux on ⌬T for ⌬T Ͼ 0, as shown in Figure 9 . The weaker or lack of dependence of flux on ⌬T for neutral and unstable conditions (⌬T Ͻ 0) can be explained by the opposing effects of wind speed and C M on flux. Note that, under unstable conditions, as wind speed decreases, C M is expected to increase.
The dependent variable, log 10 F, was found to be mainly dependent on lagoon temperature (T l ) and the hot-air variable D. A statistical model was created using these variables. The hot-air variable D was equal to 0 if the lagoon was warmer than the air; and was equal to ⌬T when the air was hotter than the lagoon.
The model also incorporated a farm indicator variable (F i ) to account for differences in responses to lagoon temperature and ⌬T between farms. For the purposes of the multiple regression analysis, we set F i equal to zero for Stokes farm and F i equal to 1 for Moore farm. The statistical analysis also accounted for autocorrelation because most of the data points were in consecutive 15-min intervals and not taken as random samples.
The multiple regression analysis showed a high correlation (R 2 ϭ 0.95) between NH 3 flux and the regressors, which were lagoon temperature (T L ), hot-air variable (D), and the farm indicator variable (F i ). The overall response of NH 3 flux between farms differed and was statistically significant (t ϭ 646, p Ͻ 0.0001) as indicated by the farm variable. The multiple regression also shows statistically significant relationships between NH 3 flux and lagoon temperature (t ϭ 166, p Ͻ 0.0001), and between NH 3 flux and D (t ϭ 55, p Ͻ 0.0001). The multiple regression equation for lagoon emissions at Stokes (F i ϭ 0) and Moore (F i ϭ 1) farms is given below.
Log 10 F ϭ 3.6264 ϩ 0.4782F i ϩ 0.0449T l Ϫ 0.05946D (7) Thus, the multiple regression equation for the average lagoon emissions at the two conventional farms is given by Log 10 F ϭ 3.8655 ϩ 0.0449T l Ϫ 0.05946D (8) in which both T l and D are expressed in units of°C, and
To statistically analyze the possible influence of lagoon pH, a multiple regression analysis was conducted on all data representing 15-min averaged F or log 10 F and the corresponding 15-min averaged values of lagoon temperature, the hot-air variable D, and lagoon pH at both farms during the four experimental periods. The dependent variable, log 10 F, was still found to be mainly dependent on lagoon temperature (T l ) (p Ͻ 0.0001) and the hot-air variable D (p Ͻ 0.0001), but its correlation with pH was found to be statistically insignificant (p Ͻ 0.1098). The statistical analysis also accounted for autocorrelation because most of the data points were in consecutive 15-min intervals and not collected as random samples.
Emissions from Animal Houses
At the Stokes farm, barn emissions were measured in the winter season with the average NH 3 emissions found to be 0.25 kg-N/week/1000 kg ⅐ lm. At Moore farm, two measurement campaigns were performed. In the warm season the emissions were slightly higher than in the cold season. Average emissions were 1.05 and 0.89 kg-N/week/ 1000 kg ⅐ lm, for warm season and cold season, respectively. Table 3 shows the normalized emissions and compares them to other published studies. It is noted that the natural ventilation conditions at Stokes farm presented additional environmental variables and measurement challenges (wind speed, direction, etc.) as compared with the controlled ventilation system conditions at the Moore farm. However, it can be seen that the emissions from this study are well within the range of emissions from other studies.
CONCLUSIONS
NH 3 flux measurements during two different seasons (warm and cool) were conducted over pig waste treatment lagoons and animal houses at two conventional swine farms in North Carolina. The fall and winter intensive measurements were conducted from September 9 to October 11, 2002 and January 6 to February 2, 2003, respectively. The average lagoon NH 3 fluxes for the two conventional farms during the fall and winter months were 2017 Ϯ 751 and 262 Ϯ 100 g-N ⅐ m Ϫ2 ⅐ min Ϫ1 , respectively. These averages were comparable to those found in the previous study from a typical swine farm (Farm 10) in North Carolina. 22 Typical diurnal variation of lagoon NH 3 flux was observed during the measurement periods. The NH 3 flux increased exponentially with increasing lagoon temperature, and the best-fitted regression relationship between the two is: log 10 (N) ϭ 0.051T l ϩ 1.943 (R 2 ϭ 0.82 and p Ͻ 0.0001), where N represents the NH 3 -N flux in g ⅐ m Ϫ2 ⅐ min Ϫ1 and T l is the lagoon temperature in°C. This regression relationship showed very good agreement with that of Aneja et al. 22 based on Farm 10 flux measurements.
Relationships between lagoon NH 3 flux and chemical parameters such as pH, TKN, and TAN of lagoon waste were also examined. The lagoon pH stayed in a relatively narrow range from 7.7 to 8.5 during fall and winter seasons. No significant correlation between pH and lagoon NH 3 flux was observed during the experimental periods at either farm. Concentration of TKN and TAN varied significantly with season; lower TKN concentrations (444 -612 mg-N ⅐ L Ϫ1 ) were associated with higher NH 3 fluxes during the fall, and with higher TKN concentrations (680 -815 mg-N ⅐ L Ϫ1 ) with lower NH 3 fluxes during the winter months. TAN showed a similar pattern to TKN, with lower concentration (316 -477 mg-N ⅐ L Ϫ1 ) associated with higher NH 3 fluxes during the fall and higher TAN concentrations (545-665 mg-N ⅐ L Ϫ1 ) with lower NH 3 during the winter periods.
The seasonal differences in TKN and TAN concentrations could be attributed to temperature differences in the fall and winter. Increase of NH 3 loss from the water surface because of high lagoon temperature could reduce the TKN concentration during warm periods (i.e., during the fall months). Within both seasons, positive linear correlations between NH 3 flux, TKN, and TAN concentration were observed; these were statistically significant, with a stronger correlation during the winter season for TKN, and a stronger correlation during the fall season for TAN.
The influence of atmospheric environmental parameters on lagoon NH 3 flux was investigated. NH 3 flux was significantly correlated with lagoon temperature and the difference between air and lagoon temperature (⌬T ϭ T a Ϫ T l ). ⌬T is considered a measure of near-surface atmospheric stability. The multiple regression equation for the average lagoon emissions at the two conventional farms is Log 10 F ϭ 3.8655 ϩ 0.0449T l Ϫ 0.05946D (9) in which both T l and D are expressed in units of°C, and F in units of kg-N ⅐ min Ϫ1 (1000 kg ⅐ lm)
Ϫ1
Barn emissions were measured for one season at Stokes farm (naturally ventilated) and two seasons at Moore farm (mechanically ventilated). Emissions normalized by live animal mass were found to be comparable to other studies.
The statistical-observational model developed and described herein and the barn emissions protocol is proposed as a valid and objective approach to be used to compare the emissions from potential ESTs to evaluate the effectiveness of such technologies.
